Rationale: To develop a simple and fast protocol for the assessment of acute and chronic experimental intestinal inflammation using contrast-enhanced µCT. Methods: For the imaging studies, an acute 2% and 3% dextran sodium sulfate (n = 15, female, 8-12 weeks) and a chronic adoptive transfer colitis model (n = 10, female, 8-9 weeks) were established over 9 days or 6 weeks, respectively. Throughout the experiments, longitudinal measurement of murine intestinal wall thickness and time dependent perfusion was performed on a small animal µCT system (90 kV, 160 μA, FOV: 60 mm, scan time: 17 s, image size: 512x512, layer thickness: 118 µm) between 0.5 and 30 min after intravenous bolus injection of an iodine contrast agent. Weight development, small animal endoscopy, and histological ex vivo analysis were compared to contrast-enhanced µCT imaging findings. Results: Murine intestinal wall thickness was significantly increased in inflamed colons of acute colitis at day 9 in comparison to pre-inflamed state. Perfusion analysis revealed a late contrast enhancement in acute inflamed colons and the renal medulla at day 9 compared to control mice. An increasing intestinal wall thickness was monitored 3, 5 and 6 weeks after on-set of chronic colitis in comparison to controls. A good correlation with endoscopic (r = 0.75, p < 0.0001) and histologic degree of inflammation (r = 0.83, p = 0.04) was found. Conclusion: Contrast-enhanced µCT is a simple and fast method to assess acute intestinal inflammation and to monitor disease progression in experimental models of chronic colitis. According to our findings, one single contrast-enhanced µCT-scan is a valid non-invasive modality to quantify the degree of inflammation in the entire digestive tract in murine inflammatory models.
Introduction
Inflammatory bowel diseases (IBD) such as Crohn's disease (CD) and ulcerative colitis (UC) are chronic and relapsing diseases with rising numbers both in industrial and developing countries [1, 2] . As pathophysiological mechanisms are still not completely understood, experimental models of IBD
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International Publisher have been established to study the mechanisms of intestinal inflammation [2, 3] . Traditionally, histology was required to assess intestinal inflammation, which depends upon euthanasia of experimental animals and does not allow consecutive analysis of the same animal. As a consequence, in vivo imaging modalities have been developed to enable longitudinal monitoring and assessment of mucosal inflammation. Similar to human colonoscopy, small animal endoscopy has become a widely used tool to appraise experimental colitis [4] . However, endoscopy cannot assess transmural or small intestinal inflammation, while tomographic imaging allows assessment of the entire intestinal tract and its surrounding tissues [5] . For this reason, small animal cross-sectional imaging studies have been performed by using ultrasound (US) [6] , multispectral optoacoustic tomography (MSOT) [7] , micro computed tomography (µCT) imaging with rectal contrast filling [8] , magnetic resonance imaging (MRI) [9] , and positron emission tomography (PET)/µCT imaging [10] . All of these imaging techniques allow analysis of certain aspects of murine intestinal inflammation, however, imaging techniques as well as application of contrast agent are complicated and often take a long time.
The aim of the current study was to develop a simple and fast protocol to assess experimental intestinal inflammation using contract-enhanced µCT imaging (CE-µCT). We demonstrate that µCT in combination with the intravenous injection of an iodine-based contrast agent is a quick, sensitive and quantitative tool to monitor experimental murine colitis.
Material and Methods

Experimental models of intestinal inflammation
All animal studies were conducted at the University of Erlangen-Nuremberg with the approval of the Institutional Animal Care and Use Committee of the State Government of Middle Franconia (Az: 55.2-2532.1-12/13) and maintained in individually ventilated cages.
Acute dextran sodium sulfate (DSS, MP Biomedicals, Illkirch, France) colitis was established in a total of n = 15 mice (C57BL/6, female, 8-12 weeks, 17-23 g) [11] . Inflammation was induced using a concentration of 2% (n = 5) or 3% (n = 7) of dextran sodium sulfate (DSS, MP Biomedicals, Illkirch, France) [11] applied in the drinking water for eight consecutive days; it is important to assure that mice are always supplied with sufficient amount of DSS solution. Control animals (n = 3) received drinking water only. All mice were checked daily for well-being and individual weight to evaluate changes during the development of colitis.
For the experimental model of chronic intestinal inflammation, an adoptive transfer colitis was established by transferring wildtype CD4 + /CD25 -T-cells into n = 7 immune-deficient mice (RAG1 -/-, female, 8-9 weeks, 18-20 g) [12] . For this, n = 2 gender-matched donor mice (C57BL/6, female, 6 weeks) were sacrificed and the spleens were harvested for cell isolation. CD4 + /CD25 -T cells were isolated using a CD4 + /CD25 -magnetic bead isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) [12] . In total, 5*10 5 CD4 + /CD25 -splenocytes were suspended in 200 µl sterile PBS (phosphate buffered saline, Sigma-Aldrich, Steinheim, Germany) and injected in n = 3 RAG1 -/-recipient mice intraperitoneally. In n = 3 control mice, 200 µl sterile PBS was injected; n = 1 did not reach the endpoint of the experiment and was excluded from final results. In the adoptive transfer colitis model, mice were checked for well-being and weight regularly (2-3 times a week).
In vivo imaging Endoscopy
Small animal colonoscopy was performed on days 0, 5, and 9 in acute colitis model or before cell injection and weekly until week 6 following in chronic colitis model [4, 13] . During endoscopy, inflammation was scored by five items (mucosal translucency, vascularity, granularity, fibrin deposition, and stool consistency) on a four-point scale (0-3) [4, 13] . Briefly, mice were anesthetized with 2% isoflurane in 2 L/min of oxygen during colonoscopy. Mice were laid on the workplace and the colon was rinsed with water by 2 mL pipettes to clean it from remaining stool. Colonoscopy was executed and recorded with a high-resolution video endoscopic system (Karl Storz, Tuttlingen, Germany).
Contrast-enhanced µCT Imaging
µCT imaging was performed directly after colonoscopy on days 0, 5 and 9 in acute colitis or before cell injection and weekly for chronic colitis. All imaging studies were performed on a dedicated small animal µCT system (Quantum FX, PerkinElmer, Waltham, MA, USA) ( Figure 1A ). For image acquisition, configurations were kept constant (parameter: 90 kV, 160 μA, FOV: 60 mm, scan time: 17 s, image size: 512x512, layer thickness: 118 µm). Mice were anesthetized with isoflurane and fixated on a stage ( Figure 1B ). For intravenous bolus injection of the contrast agent, a custom-made injection device was used. The device consisted of the tip of a 26 G needle (Sterican® Insulin needle, B. Braun, Melsungen, Germany) inserted into a plastic tubing system (length: 48 cm, inner diameter: 0.58 mm, Portex®, Smiths Medical, Grasbrunn, Germany) and connected to a luer-lock connector (25 G Venofix®, B. Braun, Melsungen, Germany) [14] . This injection device was pre-filled with 140 µl water or saline to avoid air bubbles in the tubing system. One native image before injection of the contrast agent was captured for every mouse. Directly after this, 0.3 mL of Iomeprol 300 mg/mL (Imeron®, Bracco, Italy) were injected over 20-30 s [14] [15] [16] [17] [18] . Images were acquired before and 0.5, 2, 4, 6, 10, 15, 20, 25 and 30 min after injection of contrast agents ( Figure 1C ). In total, n = 870 volume stacks were acquired; n = 87 of them were used for analysis of the murine wall thickness.
µCT Image Analysis
All images were analyzed using OsiriX software (OsiriX Lite v.8.5.2, Pixmeo, Bernex, Switzerland). To measure murine wall thickness, the image acquired 0.5 min after contrast agent injection was used. The image was viewed in 3D multiplanar reformatting (3D MPR) mode to examine all planes simultaneously. Murine wall thickness was measured in transverse plane at 3 mm distance from the anus. To make sure that the murine wall was displayed in right angle, coronal and sagittal plane were adjusted orthogonally and the distance of 3 mm was again measured in coronal plane. The mean wall thickness including the surrounding contrast enhanced tissues was measured at four locations (12, 3, 6 and 9 o'clock) and the mean value was used for analysis. The murine intestinal wall and surrounding contrast enhanced tissues were included in measurements [19] . In n = 11 (12.6%) volume stacks, measurement could not be conducted, because of colonic contractions, these were excluded from the final measurements. Finally, image reconstructions for figures were generated with Amira software (Version 6.0.3, Thermo Fisher Scientific, Hillsboro, OR, USA). To analyze changes over time as a measurement of the perfusion of the colon and the renal medulla, the density was measured on a transverse plane in a representative region of interest (ROI). This was done in every scan at all time points at the same location. For the colon, the ROI was located at 3 mm distance from the anus; this distance was measured on a parallel screen in coronal plane. The medium intensity values of the ROIs were measured and plotted in a graph against time. For the renal medulla, the ROI was located in coronal plane at the kidney's largest diameter at the same location at all time points. Medium intensity values were measured and plotted in a graph against time.
Ex Vivo Analysis
After the imaging procedures on day 9 (acute colitis) or in week 6 (chronic colitis), all mice were sacrificed and the colon was collected for ex vivo analysis. Inflammation of the acute colonic tissue samples was graded histopathologically on hematoxylin/eosin (H&E) staining by a two item score (degree of inflammatory cell infiltrations and tissue damage, each on a four-point scale, resulting in a score from 0 to 6) [20] . Specimens for chronic colitis were examined histopathologically and scored from 0 to 5 as described previously [21] .
Statistical Analysis
Values are given as means with standard deviations. All statistical analysis was carried out using GraphPad Prism (Prism 6.05, GraphPad, La Jolla, CA, USA). Statistical tests were performed as Pearson's correlation coefficient (r) or ANOVA using Sidak's multiple comparison tests. A p < 0.05 was considered as statistically significant and indicated as following: p < 0.05(*), p < 0.01(**), p < 0.001(***), p < 0.0001(****). In acute 2% DSS colitis (*) weight decreased from day 0 to day 9 (92 ± 3.2%, p < 0.0001) and in comparison to control mice (102.8% ± 0.8%, p < 0.0001). In 3% DSS colitis ( x ) weight decreased from day 0 to day 9 (98% ± 1.5% at day 9, p = 0.0026) and compared to control group (102.8% ± 0.8%, p = 0.0009). (B): Endoscopic score in acute DSS colitis and control animals. Endoscopic score showed an increase in both DSS colitis groups at day 9 (2%: 4.2 ± 3.8, p = 0.028, 3%: 4.9 ± 2.6, p = 0.005) compared to day 0 (0.2 ± 0.4; 0.7 ± 1.1). (C): Histological score in acute 2% and 3% DSS colitis compared to control. Scoring in 2% DSS mice was significantly increased (5.0 ± 1.23, p = 0.0085) in comparison to control mice (1.00 ± 1.00) (D): Representative endoscopic images of days 0, 5 and 9 and representative H&E stainings from day 9. White arrows indicate fibrin exudates as markers of intestinal inflammation, red arrow indicated loss of epithelial integrity in highly inflamed tissues, and black arrows indicate immune cell infiltrates. For all graphs (A-C) n = 3 (control), n = 5 (acute colitis 2% DSS), n = 7 (acute colitis 3% DSS). Bar indicates 100 µm.
Results
Establishment of experimental acute colitis
In mice treated with both, 2% and 3% DSS, weight decreased from day 0 to day 9 and also in comparison to control mice (Figure 2A) .
Endoscopic examinations showed an increase in the endoscopic score in both DSS colitis groups at day 9 compared to day 0. Non-treated control mice showed no inflammation at day 9 compared to day 0 ( Figure 2B ). Ex vivo histologic assessment of the colon showed inflammation in both DSS groups with a significantly increased inflammation score in 2% DSS mice in comparison to control mice. In the 3% DSS group, histologic scoring of inflammation failed significance ( Figure 2C ). Representative endoscopic and histologic images are given in Figure 2D .
Contrast-enhanced µCT imaging of intestinal wall thickness in acute colitis
After intra-venous injection of the contrast agent, murine intestinal walls were easily assessable for image analysis ( Figure 3A) . Best visual contrast was given in the µCT-image acquired after 0.5 min. A significant increase in murine intestinal wall thickness was seen at day 9 in both colitis groups compared to day 0. A non-significant trend for increased murine intestinal wall thickness was already seen at day 5. There was no difference between both colitis groups and control at day 5 or 9 ( Figure 3B+C ).
Contrast-enhanced µCT perfusion imaging of acute colitis
To detect potential differences in perfusion as a sign of vascular leakage between colitis and control groups, signal intensities of murine intestinal wall contrast enhancement were measured over time ( Figure 4A ). In all animals, a significant signal increase was visualized after injection of the contrast agent at all measured time points ( Figure 4B ).
Perfusion values peaked between 4 and 6(-10) min after injection in colitis and control groups equally at days 0, 5 and 9 ( Figure 4C ). Signal intensity values for days 0 and 9 are given in Table 1 . At day 9, a significant remaining contrast enhancement in the colon could be observed in 2% DSS after 20 min until 30 min and in 3% DSS after 25 min ( Figure 4D , Table  1 ). Simultaneously, there were increased signal intensities in the renal medulla 10 to 30 min after injection in DSS treated animals ( Table 2) .
Establishment of chronic colitis
Chronic colitis was established using adoptive transfer of CD4 + CD25 -T cells into Rag1 -/-mice ( Figure 5A ). Weight development was steady in colitis mice, while weight in control mice increased during experiment. These changes were significant from week 5 until the end of the experiment at week 6 ( Figure 5B ). Repeated endoscopic examinations showed a significant increase in the endoscopic score at weeks 5 and 6 compared to control mice ( Figure  5C ), which was verified by histology at week 6 ( Figure  5D ). Medium values (± SD) of signal intensity measurements of the colon in acute colitis and control mice at days 0 and 9 of experiment for all time points. All data are given in Hounsfield Units (HU); p-values are stated for the DSS groups in comparison to control group for each time point. Significant results are highlighted in bold. Medium values (± SD) signal intensity measurements of the renal medulla for acute colitis (both DSS groups) and control group at day 9. All data are given in HU; p-values are stated for the DSS groups in comparison to control group for each time point. Significant results are highlighted in bold. Medium values (± SD) of signal intensity measurements of the colon for chronic colitis and control mice at week 6 of experiment. All data are given in HU; p-values are stated for colitis group in comparison to control group for each time point.
Monitoring of disease progression in chronic colitis
Visible contrast of the murine intestinal wall was best at 0.5 min post-injection (p.i.) and this time point was used for weekly measurements during the development of chronic colitis. A significant increase in intestinal wall thickness was measured at week 6 in colitis mice compared to week 0. In comparison to non-treated control animals, a significant increase in intestinal wall thickness was already observed in week 3 ( Figure 5E ). These trends were confirmed at weeks 5 and 6 (Table 3) . A good correlation was found between CE-µCT and endoscopy and histology (Figures 5F+G). Representative images and segmentations of the distal colon are given in Figure 5H .
As established before, signal intensities were measured over time. A significant increase in signal intensities p.i. was measured in all mice at all time points compared to native µCT-images. Values peaked between 4 and 6 min equally in control and colitis group during 6 weeks of experiment. After 30 min a significant late enhancement in colitis group in comparison to control mice, as detected in acute colitis experiment could not be confirmed. Medium values for all time points are presented in Table 4 .
Discussion
Within this study, we developed a simple and fast method to use CE-µCT for the assessment of experimental intestinal inflammation. In two different models of murine colitis, i.e. acute chemically-induced (DSS) and chronic adoptive T cell transfer colitis, we demonstrate the feasibility and application to measure intestinal wall thickness and intestinal perfusion in mice. Our µ-tomographic measurements reflected endoscopic and histological findings, as well as indirect signs of inflammation, such as weight loss. Acute DSS and chronic T cell transfer colitis are useful models to imitate chronic inflammatory bowel diseases for experimental investigation. However, different mice and genotypes may react differently to DSS exposure [11] . In our experiments, dosage of 3% DSS did not result in higher weight loss and higher histological scores compared to 2% DSS; higher dosage did nonetheless lead to higher or similar results concerning endoscopic score and murine intestinal wall thickness.
Previous studies have already investigated the murine wall thickness in µCT and MR imaging as a way to predict colitis through in vivo imaging. These studies showed promising results, however, the necessity of feasting and double contrast procedures [8] as well as long scan times [22, 23] complicated the imaging protocols. According to our results, only one image 0.5 min after bolus injection of 0.3 mL of iodine contrast agent is necessary to assess and monitor intestinal inflammation in mice. Further, image reconstruction allows 3-dimensional illustration of the inflamed colon. Using a scan time of only 17 s, the proposed protocol is quick, effective and simple and can most likely be conducted with any small animal µCT system that provides high quality, fine layer thickness and provides -as proposed in our protocol -the possibility to perform inhalational anesthesia. However, short scan times as exercised in our protocol are recommended to avoid imprecise images due to peristaltic motion. In pre-experiments, CT scans of higher quality that need scan times of 2 and 4.5 min were unfeasible for murine intestinal wall analysis.
For the first time, we also evaluated changes of intestinal wall contrast enhancement over time as a surrogate for intestinal perfusion. These measurements revealed significant differences in inflamed colon walls after 20-30 min compared to healthy controls. This might indicate changes in the vascular structure, such as increased vessel density and increased vascular permeability [24] . Interestingly, we could not reproduce these findings in chronic adoptive transfer colitis, which might display the different pathophysiological features of acute and chronic colitis [25] . These changes might also be attributed to other pathophysiological factors, such as renal perfusion. Our CE-µCT imaging approach was also able to visualize a significant hyperenhancement of the intestinal walls in acute colitis 10-30 min p.i. compared to control mice. However, if impaired kidney function or dehydration due to intestinal fluid loss in colitis contribute to these effects, needs to be elucidated in future studies. In clinical settings, dosages of 32-45 g of iodine are used to obtain sufficient contrast enhancement [26, 27] . This equals a dosage of about 500 mg/kg body weight. In our approaches, 0.3 mL of injected contrast agent resulted in a dosage of approximately 3600 mg/kg mouse. Injection of iodine contrast agent was well tolerated by the mice in longitudinal imaging protocols and resulted in sufficient contrast enhancement to analyze murine intestinal walls. However, some mice suffered from sporadic gross hematuria, but still recovered quickly after imaging. Higher dosages would, thus, most likely result in kidney impairment and are not advisable.
While standard endoscopic techniques are restricted to the visualization of the inner mucosal layer, tomographic imaging can also access transmural inflammation. In chronic colitis, inflammation was already measured from week 3 onwards.
Comparatively, endoscopy only allowed the detection of mucosal inflammation at weeks 5 and 6. Hence, we might assume that for monitoring early disease progression, intestinal wall thickness measured by CE-µCT is a more sensitive marker compared to standard endoscopy.
In contrast to other imaging modalities, ionizing radiation might raise concerns about potential harm to experimental subjects and altered experimental outcome by radiation. Depending on the dosage, µCT-induced radiation has been reported to induce side effects on various organs. Among these, direct effects on the intestinal epithelium [28] and hematopoietic stem cells [29] are most critical for studies on mucosal immunology. However, a risk for these side effects seems to be avoided when applying a cumulative dose of 194.3 mGy during a 4-week scanning period [28] or even a radiation dose of 434 mGy per scan in 3 consecutive scans [29] . Also, Fredin et al. [22] could not find any significant difference between single and multiple imaging in mice. Modern µCT imaging systems produce radiation doses of around 10 mGy in the center of the subject during a 17 s scan [30] . To evaluate acute or chronic colitis in experimental models, imaging according to the proposed protocol is sufficient for at least ten consecutive scans at different time points to not reach the 5% limit of the critical cumulative dose (1-2 Gy)
[30]. Goldman reports that higher radiation doses can improve image quality by reducing image noise, however, other parameters such as kilovolt peaks, amperages, slice thicknesses, and reconstruction filters are equally important for good image quality [31] . Improved image quality at increased radiation doses has to be balanced against the need for sequential imaging without exceeding tolerable cumulative doses.
To further save the necessity of intravenous injections, phase contrast imaging might provide high contrast visualization of soft tissue. However, this technology is still experimental and can only be performed on special CT systems. Zeller-Plumhoff et al. recently reported ex vivo phase contrast radiation computed tomography of the mouse soleus muscle with scanning times of 6 min [32] . Preissner et al. required synchronized image acquisition with the ventilator to perform high resolution propagationbased imaging for in vivo dynamic computed tomography of lungs in small animals [33] . Even with the use of butylscopolamin, scanning times and the need for synchronization limit its application to the murine intestinal tract imaging. In its current state, phase contrast imaging is an interesting technique but might only be used to analyze murine intestinal inflammation ex vivo.
Conclusion
While the sophisticated perfusion protocol might remain restricted to specific scientific questions, the assessment of murine intestinal wall thickness is a quick and easily accessible parameter for intestinal inflammatory activity and disease progression. According to our results, a single scan at 0.5 min after bolus injection of 0.3 mL of iodine contrast agent is sufficient for a three-dimensional quantitative assessment and monitoring of inflammation in the whole intestinal tract in mice and correlates well with endoscopic and histologic degree of inflammation especially in chronic inflammation.
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